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Abstract
It is important to maintain Photovoltaic (PV) cells and protect them from damage
mechanisms like Potential Induced Degradation (PID), which can contribute to shorter lifespans
and lower efficiencies. Current leakage through cell encapsulation can cause charge migration in
PV cells that reduces the maximum quantum efficiency, which is the cause of PID. An
experiment was setup to determine the feasibility of a non-silicon sensor able to produce similar
leakage behavior to traditional PV cells under recorded humidity conditions. Thin sheet metals
were encapsulated in EVA, a common PV encapsulant polymer, and mounted in aluminum
framing. Three sensors, along with a PV reference panel, were placed under a voltage potential
to measure any leakage current through the encapsulant material. Temperature, Humidity, and
leakage current amount were all recorded and plotted against time to show a correlation between
humidity and leakage current amount. This will yield a means to measure general leakage
behavior under similar temperature and humidity conditions for PV arrays. By using a nonsilicon sensor, PV panels don’t need to be removed from the overall circuit to monitor PID
amounts. (180 words)
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1.Introduction
Solar power, specifically silicon based solar panels, are starting to become economical in
places all around the world and are seeing adoption at astounding rates. The last decade has seen
exponential growth in the amount of power generated by solar panels in both the US and the
world, facilitating a drastic drop in the price of solar electricity. From 2000 to 2015 the cost per
watt of solar electricity dropped from $5/watt to $.72/watt [1]. In California solar power is
accounting for over 7% of grid capacity and growing. What this equates to is the need for
millions of cheap, efficient, and long-lived solar panels to meet demand. A silicon-based cell can
be expected to generate power over the course of 25 years with little maintenance or handling,
but the efficiency of this power generation can be degraded at times by environmental
conditions. Potential Induced Degradation (PID) is one such degradation method.
Silicon based photovoltaic cells can experience leakage currents through the
encapsulation materials at high system loads, leading to PID. This effect can reduce efficiencies
and lifespans for photovoltaic (PV) modules, increasing the lifetime price per watt. This is the
reason monitoring systems for detecting, recording, and predicting PID amounts are in demand
for large format solar farms. Potential Induced Degradation causes a drop-in power production
over long periods of time, which can lead to power loses of greater than 30%. This makes PID
one of the largest sources of power loss in PV systems, behind more common mechanisms like
soiling or transportation losses. Therefore, appropriately measuring this effect and understanding
the environmental conditions that produce it is important for power producers.
Potential Induced Degradation, either reversible or not, is present in all types of c-Si
(Crystalline Silicon) PV cells and was first described back in the 1970s [2]. Most solar power is
produced using c-Si panels, meaning over 50% of solar capacity is at risk of PID loses. This
could contribute to hundreds of MW in lost power and an increased price per watt for electricity
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generated by solar. Since this problem reaches so far in the PV market, a company named Pordis,
Inc has sponsored the prototyping of a non-reference based PID sensor. This sensor was
designed to replace expensive and bulky methods for testing PID amounts on reference PV cells,
making cheap monitoring of PID amounts readily available. Before discussing the design and
testing of these sensing devices, the PID effect will be described in full.

2.Background
2.1 Photovoltaic Background
To understand the power loss mechanisms of PID, an introduction to how power is
generated in PV systems is required. Traditional silicon based photovoltaic cells unsurprisingly
rely on the photoelectric effect to generate motion of electrons. The photoelectric effect occurs
when photons, electromagnetic radiation, cause the release of an electron-hole pair (exciton)
from a material. This can be used to generate a current by applying a voltage potential across the
solar cell. The ideal material for converting most of the solar spectrum into electricity is silicon,
primarily due to its ability to have drastically different conductivities depending on impurities, or
dopants. In a solar panel there are silicon sheets covered by regions of varying charge carriers,
either electrons or “holes”. A “hole” can be thought of as the absence of an electron, or a net
positive charge, which is the primary charge carrier in p-type silicon. A junction of doped
silicon, called a p-n junction, is where the excitons are generated under light [3]. A depiction of
this junction in a PV unit is shown in Fig. 1. This is the same type of junction used for
transistors, rectifying diodes, and light emitting diodes.
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Fig. 1: Example of P-N Junction in Solar Cell.

The unique properties of p-n junctions in semiconductors allow for several useful
electrical properties to be taken advantage of. In solar cells, incident light causes an absorption of
electromagnetic radiation and its energy, leading to the generation of the exciton. Due to the
voltage bias across the p-n junction, the electron from this exciton is conducted away from the
hole and drawn out of the cell through printed metal contacts. These contacts, called Busbars,
can be seen in Fig.1 as the Front electrode of the solar panel. In America a voltage bias of +/-600
volts is common, while it’s common for voltage biases up to +/- 1000 to be used outside the US
[4]. This voltage bias causes the p-n junction to act like a one-way gate, making the electrical
contacts and load circuit the only path for electrons to go. After an exciton is generated, the
electrons are “collected” off the silicon and transported through the busbars to the load circuit,
then finally returned to the silicon to recombine with the positive holes. This delicate circuit can
be disrupted by several internal and external factors that will cause a variance in the power
producing ability of the panel.
The electrical value of interest for solar cells is called the Maximum Power Point (Pmax)
and it is a function of two cell parameters: Open Circuit Voltage (Voc) and Short Circuit Current
(Isc). Pmax is calculated through maximization of the I and V relationship in what is known as a J-
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V Curve, an example of the points of interest on this curve is shown in Fig 2. This curve shows
the behavior of a solar cell at different applied voltages. Loss of power is due to a drop in the
current coming from individual cells due to a change in the photovoltaic behavior of the doped
silicon.

Fig. 2: Example of J-V curve of solar cell [5].

The loss of Pmax is associated with a drop in the Isc due to certain degradation factors
limiting the number of electrons flowing out of the circuit [6]. A huge number of factors
influence this loss of Pmax and there has been significant research into quantitatively measuring
the degradation rate, Rd, of silicon solar cells [6]. This loss of Isc can come from mechanical,
electrical, and environmental stresses and can vary from cell to cell. The reduction of Pmax by
degradation of the p-n junction under large potential voltage loads is Potential Induced
Degradation. The mechanisms of PID and specifically the relationship to environmental
conditions like humidity, temperature, and surface contaminants are of great interest for proper
monitoring of solar power losses.
2.2 PID Background and Encapsulation
PID arises from the leakage of current to ground without passing through the load circuit,
making it lost current. This leakage current, and the path it takes to ground, is of great interest to
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better understand how to stop PID. The most important material dependent factor for PID is the
encapsulant material and its behavior under potential loads [4]. The primary path for leakage
current is through the encapsulant material (ENC) to the glass surface of the panel, travelling
from there to ground in the form of the aluminum frame. This path is not always the same and
depends on the cell laminating procedure as well as surface conditions. The leakage path of a
typical silicon cell is shown in Fig 3, highlighting the possible mechanisms for power loss. The
loss of current itself is not the main cause of lost power, the migration of charge in the ENC
material is far more important for degradation of Pmax. The collection of charge in the ENC
above the solar cell can have an influence on the electrical properties of the p-n junction below
them. The conductivity and shunt resistance of the junction can be affected by this collection of
charge, lowering the Isc of the cell itself leading to a reduction of Pmax [4].

Fig. 3: Leakage Current paths through encapsulant material [4].

The key factor for handling PID in solar systems is monitoring and mitigating
degradation at efficient intervals. Degradation left unchecked can cause panels to see up to a
50% reduction of power output at 100hr of operation at a -1000V potential [4]. These types of
power losses can have lasting effects on the generation capacity of the cell as well. Since the rate
of leakage current is determined by both the encapsulant materials and the surface characteristics
of the glass sheet, it is important to correctly model these characteristics when developing a
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sensor design. The most prolific encapsulant material used for silicon solar cells is Ethylene-covinyl-acetate (EVA). This copolymer of ethylene and vinyl acetate is a tough, clear film material
with good encapsulation properties. It has a breakdown potential (Dielectric Strength) of 21
kV/mm making it a good electrical insulating material [7].
Proper lamination processes must also be undertaken to ensure complete encapsulation
and lack of air bubbles, which will increase the amount of leakage current. The leakage current
will be a measure of the amount of current able to pass through the EVA surroundings and into
the aluminum grounded frame. Since the EVA has a high dielectric constant and dielectric
breakdown it is also able to store charge on the surface of the glass, affecting the behavior of the
solar cell below. The effects of these charge buildups can be seen in Fig. 4, depicting the power
losses as loss of EL brightness. The PID amount, or percent degradation of

Fig. 4: Cell power generation before (left) and after (right) 100hrs of PID [4].

Pmax, can be extrapolated from the amount of leakage current over time. The measurement of
leakage current can be accomplished with a simple circuit comparing the voltage from each
panel frame to ground. This small amount of current, in the order of microamps, is the leakage
current responsible for PID. When plotted over time like in Fig. 5 it is possible to relate leakage
current to other environmental factors like humidity. Leakage vs. time plots are a helpful tool to

12

track PID in real time and properly monitor the degradation of the cell. All this monitoring can
be used to properly schedule times for reduction of PID amounts by applying a voltage bias
opposite the typical potential of the cell. The relationship between leakage and humidity in Fig. 5
is of interest for this project.

Fig. 5: (Top) Relative Humidity vs. Time. (Bottom) Leakage Current vs. Time.

3.Methods & Materials
3.1 Sensor Design and Materials
The primary design requirements for the construction of a PID sensor is proper
encapsulation of the electrical components. The most common encapsulation method of solar
panels was identified and used as a model for the design of a sensor device. Fig. 6 illustrates a
cross section of this sensor device and outlines the different materials typically used for solar
panel encapsulation. Serving in the place of the PV cell is a metal electrode of roughly the same
thickness as a wafer of silicon. This electrode was used for cost reduction, device simplifications,
and better durability.
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Fig. 6: A cross section of the non-silicon sensor design.

This laminate structure accurately models the layup process of homemade or
manufactured silicon solar cells. The laminate will have a single wire directly soldered to the
metal electrode in the middle of the layup and routed through the bottom two layers out of the
coupon. The layer materials and thickness per layer are listed here:
1. 100mm2 low iron solar glass plate (4mm Thick)
2. 100mm2 EVA sheet (0.5mm Thick)
3. 80mm2 Metal electrodes (0.4mm Thick)
4. 100mm2 EVA sheet (0.5mm Thick)
5. 100mm2 Tedlar sheet (0.3mm Thick)
Total Stack Thickness: 5.7mm
The square glass plates used for the sensor are textured on one side for better
encapsulation adhesion and the glass is low iron for enhanced clarity. The 100mm (4in) squares
were the size setting factor in sensor design as the glass would be mounted in an aluminum
frame.
Ethylene-co-vinyl-acetate was purchased as a large pre-cured roll which could be easily
cut to size for the sensor stacks. The EVA can be cured at 150ºC either in a vacuum or under
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compression to produce a transparent and stable encapsulation. For this lamination two EVA
sheets were placed around the metal electrodes, allowing the EVA to fully surround the metal
sheet. This curing process is a critical step in producing fully encapsulated sensors.
Three different metal electrode materials were selected to accurately model common
materials in solar cell makeups. The metal electrodes, or busbars, were identified as an easily
workable material to model. Copper, Aluminum, and Nickel are all used for electrode materials,
so a sheet of each metal was purchased at a thickness of ~400um which is around average for
silicon cell thicknesses [8]. These sheets were cut to a size just smaller than the width of the
glass to minimize the risk of shorts between the electrode and the frame.
The back-coating material Tedlar is a common sealing material which increases the cells
protection from moisture and temperature. Tedlar is a trade name for several polymers, but this
back-coating roll was made of Polyvinyl fluoride. The PVF has a lower permeability, making it
good at blocking humidity from entering the encapsulation material below.
All three of the final laminates were mounted in a custom aluminum frame meant to hold
the square coupon in place and seal the edges and front from moisture. This frame was milled
from a 3cm x 1cm x 2m 6061 aluminum bar stock. Each sensor mount had 4 aluminum blocks,
pictured in Fig. 7, which came together into a square enclosure for the coupons. This aluminum
will provide mechanical support and electrical conduction for any possible leakage signal
outputs.
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Fig. 7: Image of unassembled frame and sensor laminate in center.

3.2 Sensor Construction
1) Aluminum Milling
a) 3cm x 1cm x 2m bar stock of aluminum was cut into 3cm x 1cm x 13cm sections on
the horizontal bandsaw. A feed rate of 10 and blade speed of 300 was used. 12 blocks
were made.
b) Aluminum sections were mounted in a vice on a Bridgeport manual mill and an edge
finder was used to zero on the faces of the block.
c) The blocks were faced to 11.36cm with an end mill.
d) A slot in the 3cm face of the blocks was milled all the way across the length of the
top face. This slot was milled 1cm from the edge of the block, had a width of 0.8cm,
and a depth of 0.5cm.
e) The block was mounted to an angle vice set to 45º.
f) Both ends of the block were milled to a 45º face so that a side view yields a
trapezoidal shape. This did not change the overall length of the block.
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g) Each block was put into the drill press and holes were drilled 0.7cm from the side
opposite the slot at three locations. These holes were for corner brackets and
mounting points.
h) Each block was deburred completely.
2) Sensor Laminating
a) Three 100cm2 glass plates were cleaned with isopropyl alcohol and dried.
b) Six 100cm2 sections of EVA were cut form a roll using scissors.
c) Three 100cm2 sections of PVF were cut from a sheet using scissors.
d) Metal sheets of copper, aluminum, and nickel were stamped to 80cm2 sections using a
sheet metal cutter.
e) A short length of wire was soldered to the backside of all three metal sheet sections.
f) The layers were stacked together:
i) Glass (Smooth side down on a cloth)
ii) EVA sheet
iii) Metal electrode (The wire facing up)
iv) EVA sheet (A hole cut in the center and the wire fed through)
v) Tedlar sheet (A hole cut in the center and the wire fed through)
g) The layup was placed in a thermocompression layup machine and put through a
curing cycle.
i) ~1h ramp to 150 ºC at 2 ºC/minute.
ii) ~2h cure at 150 ºC and 100lb load.
iii) ~1h ramp down to room temperature.
h) Coupons removed and checked for bubbles.
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3) Sensor Assembly
a) Sensor coupons cleaned with isopropyl.
b) Newspapers and paper towels put down in area of epoxy use.
c) A mixing cup is filled with 1:1 ratio of quick setting electrically insulating epoxy.
d) Four aluminum blocks placed together, and each has a large amount of epoxy filled
into the slot running through each bar.
e) The blocks are lined up so that the sensor is in the center and the glass side is down.
f) Put the sensor laminate into the slot of all four blocks so they come together as a
square around it.
g) Lock this into a squaring vice and ensure the corners come together well.
h) Allow epoxy to cure overnight and remove from vice.
i) Assemble the corner brackets with small bolts and nuts.

Fig. 8: (Left) Top of sensor showing copper electrode. (Right) Back of sensor showing brackets.

3.3 Testing Rig Design and Construction
To complete the testing portion of this project, a collection device was designed and built
to acquire the necessary data channels. As discussed in the introduction, a leakage current
measurement in nanoamps will be recorded and plotted against time to show the trends in
leakage amount. These trends can be compared to temperature and humidity to find trends in
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leakage with varying environmental conditions. The testing rig built is displayed in Fig. 9 and
consists of a panel/sensor mounting stage and an electronics enclosure. The electronics enclosure
houses the different components of this self-contained testing circuit.

Fig. 9: Assembled testing device.

The full materials list for the testing rig in Fig. 9 is shown below:
1. PV Panel for power supply.
2. Non-silicon PID sensor devices.
a. Top: Copper (#1).
b. Middle: Aluminum (#2).
c. Bottom: Nickel (#3).
3. PV Panel for PID reference device.
4. Electronics Enclosure.
a. 50Ah, 12V Battery
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b. Phocos Solar Charge Controller
c. 2A Circuit Breaker
d. Terminal Blocks and Mounting Rail
e. 12VDC – 5VDC Converter (Rhino)
f. 12VDC – 48VDC Converter (Rhino)
g. Beaglebone Black
h. ICP-DAS M-7019R
i. Custom Leakage Measurement PCB from Pordis, Inc
i. USB RS485 Adapter
j. Humidity Sensor
5. Aluminum Mounting Frame
a. 14 Gauge L-shape Aluminum bars with mounting holes
b. #8-32 x 1” bolts
c. #8-32 Nuts, Washers
d. 1” L-brackets
e. Rubber Washers
The circuit built to record leakage amounts from the four different test articles was
designed by Pordis, Inc and assembled at Cal Poly. Fig. 10 shows the three different sections of
the circuit: Charge, Distribution & Regulation, and Consumption. These sections are named for
their relationship to the power supplied by this system. The charge unit consists of the single
power generating PV Panel (1.), the 50Ah battery (4.a), and the charge controller (4.b). The
power is routed out of this section through the 2 amp circuit breaker (4.c) and into the two
terminal blocks (4.d) for distributing through two different voltage changers (4.e, 4.f). The 48V
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supply is routed to the three sensors (2.a, 2.b, 2.c) and the reference panel (3.) for applying a
voltage across the encapsulation material. Attached to the frame of each sensor and reference
panel is a signal cable which routes back to the electronics enclosure and into the leakage
measurement board (4.h.i). This board is attached to the +/- signals of the ICP-DAS voltage
recorder (4.h) with each sensor, reference panel, and humidity sensor (4.j) taking up a channel.
Each of these data channels, five total (Table 1), is sent through the USB adapter (4.i) and into
the onboard computer (4.g) for logging into a data file. These data channels makeup the target
data of this project, along with temperature logged by the voltage recorder in CJC.

Fig. 10: Circuit Diagram for Data Collection.
Channel

Signal

Input Type Output Type

Conversion Factor

V1

PV Reference Panel

mV

nA

401.78 nA/mV

V2

Sensor #1 - Cu

mV

nA

402.33 nA/mV

V3

Sensor #2 - Al

mV

nA

402.01 nA/mV

V4

Sensor #3 - Ni

mV

nA

402.22 nA/mV

V5

Humidity Sensor

mV

RH%

%RH=((mV-821.85)/30.14)

Table 1: List of Signal Channels and their output types.

The raw data recordings from each channel are read by the beaglebone black computer
using a python script. This script was written originally to read and output the instantaneous
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value of each channel but was modified to write the values to a text file every second. This was
accomplished using a python module named minimal.modbus and allowed for the connection to
a USB modbus device. This data collection rig was built with variety in mind and could be used
for any number of different solar prototyping applications. The electronics are all modular and
the mounting system allows for swapping of test devices.

4.Results
Once the data collection rig was complete and the computer was running scripts correctly
it was time to collect sustained data. Before running the device overnight or for several days it
was necessary to confirm that the sensors showed appropriate responses and the reference cell
was behaving as expected. This was confirmed by performing a preliminary test recording the
response of sensor #1 and the PV reference cell to simulated humidity. For the preliminary test
both sensor #1 and the reference cell were removed from the testing rig and isolated on a wood
table before recording data. The data logging script was started, and a wet towel was moved from
the reference cell to the sensor in 30s intervals. Fig. 11 is the plotted data from this test with each
channel that was isolated being plotted separately. The red lines point to the time the towel was
first applied to the respective devices. The responses were promising and allowed for continued
testing with the sensor devices mounted on the testing rig.
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Fig. 11: (Top) PV Reference response to wet towel. (Bottom) Sensor #1 response to wet towel.

Once the preliminary data suggested useable data was being generated the recording were
switched to an overnight recording sequence. This allowed for the building of humidity profiles
over a given night, which allowed for point to point comparisons of leakage to humidity. The
data recordings in Fig. 12 depict two selections of these overnight data recordings, one with an
isolated sensor #1 and reference panel (left) and the other with all three sensors and the reference
cell attached normally to the testing rig (right). These data recordings served as the primary data
collected by this rig, but a large amount more data was collected similarly.
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Fig. 12: Overnight data recordings. (left side) Humidity profile, reference signal, and sensor #1 signal
from isolated run. (right side) Humidity profile, reference signal, and all sensor signals from testing rig.

5.Discussion
Several important factors jump out of the data collected above and it is critical to discuss
what can be used for making conclusions and what is evidence of mistakes in the data. In this
data collection procedure there is a strong susceptibility to mixing of important data channels,
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called crosstalk. This problem can arise in complicated circuits like the one used due to factors
ranging from grounding problems to unshielded cables. When performing preliminary data
collection with the wet towel test, from Fig. 11, crosstalk was identified in the sensor #1 channel.
The signal peak at ~30s was generated by placing a wet towel only on the PV reference cell,
which means the signal from sensor #1 should remain approximately zero. This, however, is not
the case in the signal from sensor #1 during the wet towel test which shows a corresponding peak
at ~30s when the towel is placed on the reference cell. The sensor does seem to show a peak of
its own when the towel is applied at ~80s which is marked by a red arrow in Fig. 11. This
suggests that crosstalk is being produced somewhere between the sensing devices and the signal
channel input in the electronics enclosure.
This signal crosstalk problem draws into question the viability of the signals from further
tests, but initial tests from overnight natural humidity runs show a better signal behavior. In Fig.
12, on the left side, the same signal channels from the wet towel test were left isolated on a wood
table overnight to confirm the crosstalk problem. The resulting signal did not show the expected
signal shapes, as the sensor #1 signal profile was much different from the reference cell signal.
The sensor leakage amount peaks at an earlier time than the reference cell, suggesting it was also
experiencing the changing synonymous with PID buildup. The peak for sensor #1 occurs almost
an hour before the reference cell and seems to coincide extremely closely with the initial peak of
humidity at that time. This leakage potential was the first data that suggested a strong connection
between the humidity profiles being recorded and the change in leakage amount. The
repeatability of this result was brought into question with further tests, seen on the right side of
Fig. 12.
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The primary piece of data collected from these data recordings that was used for this
project is the shape of the curves themselves. Since the sensors were able to produce a response
independent of the reference cell they showed behavior indicative of a properly encapsulated
cell. The potential buildup seen in Fig. 12 on the left side clearly shows a buildup of potential
between the electrode in the sensor and the frame as a response to the increase in humidity. This
response indicates the elevated relative humidity around the sensor is causing leakage. The data
collected was not within an accurate enough range to determine the current that leaked through
the sensor, but this general response shows the viability of this sensor for detection of PID.
Another important aspect of the data is the variability of the magnitudes for both
reference and sensor channels. The night to night peaks can vary over 100 mV which indicates
an inconsistent data collection set. Since a series of repeatable and calibrated data sets was not
achieved, the quantifying of the leakage behavior for these sensing devices could not be
calculated. The values for potential difference across the sensor were measured as a float value
directly, instead of being routed through a voltage divider. Without this calibrated circuit, the
PCB from Pordis, the recorded values are only a general behavior of the leakage. They show the
behavior of the sensors and reference cell conforming to expected leakage trends but lack a
precise value for that leakage.

6.Conclusions
The primary conclusion from this project and design attempt was the success of the
sensor encapsulation procedure. In the testing of the sensors no shorts or massive leakage
amounts were detected, but small changes due to humidity were identified. These suggest the
electric potential of 48V is correctly applied to the electrode in the sensor and the small potential
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measured at the frame is leakage current. The presence of leakage in these non-silicon sensors
means there is potential in development of a product for simple PID detection. By showing
several similarities between the reference cell and the copper sensor (#1) it is reasonable to
assume a calibrated relationship for PID amount can be produced through continued testing. This
means the leakage current from local sensors of this type could be used to estimate PID amount
in those local panels.
Further work could be done by first testing these cells with a progressively higher system
voltage to determine their ability to withstand higher voltages. If they succeed in staying isolated
at voltages up to 1000V they could be tested in comparison to industrial sized panels with the
same detection method used in this project. Once sufficient data was collected to show the
relationship between a reference panel and the sensor device a calibration factor could be
determined and used in future cases for prediction of PID. This type of sensor shows promise as
a cheap and easy to install PID detection method which can be paired with PID boxes, which
reverse system voltages to reduce PID%. The continued testing of this device is highly
recommended.
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8.Appendix
1) Image of electronics in enclosure and wires leaving to route up into panels and snesors.

2) Assorted overnight humidity profiles. Each profile represents a ~12h recording of RH%
starting at ~6pm.

3) Sample of python script used.
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